. The most important problem of the direct tensile strength (DTS) test method can be stated as adhesive part failure instead of that in the rock specimen. The invalid failure of adhesive part can be many times seen especially for high strength rock materials. Besides of the use of adhesives for loading core specimens, different DTS test methods like using dog-bone shaped rock specimens have been developed for effective holding, but they are not popular because of impractical specimen preparation works [7] [8] [9] . The motivation of this study is the need for practical DTS test specimen preparation and eliminating the invalid adhesive failure in case of using standard core specimens.
Introduction
Because of some limitations and lackings of the direct tensile strength test method, some indirect tensile strength tests like splitting (Brazilian) method are widely used in rock mechanics laboratories. Although various indirect test methods have been developed due to the necessity of practical testing facility, results obtained from indirect test methods are doubtful as a result of not ability to be considered as uniaxial tensile strength values [1] [2] [3] [4] [5] [6] . The most important problem of the direct tensile strength (DTS) test method can be stated as adhesive part failure instead of that in the rock specimen. The invalid failure of adhesive part can be many times seen especially for high strength rock materials. Besides of the use of adhesives for loading core specimens, different DTS test methods like using dog-bone shaped rock specimens have been developed for effective holding, but they are not popular because of impractical specimen preparation works [7] [8] [9] . The motivation of this study is the need for practical DTS test specimen preparation and eliminating the invalid adhesive failure in case of using standard core specimens.
To decrease stress concentration at the adhesion part for preventing invalid failures, a new DTS test method of using drilled core specimens was investigated in this study. For the aim of determination of ideal rock failure resulting from the crack initiation under the control of uniaxial tensile stresses, effect of different diameters of holes drilled at the middle length of the core specimens was analysed by numerical modelling. In addition, an experimental study was carried out in this study to check findings from the numerical study.
To decide an ideal drill design, two important criteria of drilling practicality and making a significant decrease in failure load in comparison with that of the undrilled (standard) specimens were focussed on. As another topic, validity of drilled specimen testing method for determination of the uniaxial tensile strength (UTS) values was investigated carrying out a series of stress distribution analyses. A drill design should supply valid failures under the control of uniaxial tensile stresses to be assessed as ideal. In case of having a biaxial or triaxial stress distribution, major principal stresses which make the failure under tension differ from UTS values. To have similar major principal stress values at the start of failure with that of the UTS, minor principal stresses should be low enough to be practically negligible [10] [11] [12] .
Numerical analyses 2.1 Methodology
To better understand the stress distributions around drill holes with different diameters, Finite Element Analyses (FEM) were performed by using the ANSYS software which contain special elements and material models for brittle materials like rocks. In the numerical study, variations of failure load with the change of the drill design were investigated and failure of the models was assessed whether it is valid under the control of the uniaxial tensile stress concentration.
As seen in Fig. 1 , different models with different drill diameters (d) of 6 mm, 11 mm and 16 mm and models without a drill hole were analysed to investigate the drill hole design effect on the stress distribution and the strength test results. Considering a widely used core driller diameter of NX size, the core specimens were modelled to have the diameter of 54 mm. As parallel to the suggestions of International Society for Rock Mechanics and Rock Engineering (ISRM), length to diameter ratio of the models were 3 [13] . Material properties as input values for the rock models are given in Table 1 . Different materials were modelled in the analyses to investigate whether a hole drilling design has same effect in case of having different material properties like Poisson's ratio and modulus of elasticity.
Eight-node solid brick elements (Solid65) were used for three-dimensional modelling of rocks, which have the capability of cracking in tension, crushing in compression, plastic deformation, and three degrees of freedom at each node, including transition in the nodal x, y, and z directions. Materials were modelled by considering the linear and non-linear properties defining the behaviors of the elements. The modelled material was defined as linear elastic material until the crack initiation occurs. After the crack initiation, change of the normal and shear stresses has been re-calculated by the program. The re-calculated shear stresses were transferred by the plasticity due to the generated open and closed cracks. The shear transfer coefficient was accepted as 0.3 and 0.1 for closed and open cracks, respectively. In addition, the stiffness reduction factor considered as 0.6 to define plasticity had an important role in the behavior of cracked elements. These models predicted the failure of brittle materials according to the Willam-Warnke failure criteria used for concrete, rocks and other cohesive-frictional materials such as ceramics [14] . A static analysis was performed for each of the models, and the full Newton-Raphson method was used for non-linear analysis. For displacement-controlled loading, loads were divided into multiple sub-steps until the total load was achieved. Stress distributions and cracking mechanisms for all specimen models were plotted for comparison with the experimental results. The mesh length in the rock models was chosen to be 1 mm around drill holes where is the most critical part for the start of failure and increase from 1 mm depending on the distance from the hole. Various finite element models with different meshes were analyzed in an effort to ensure that the selected mesh is dense enough to provide sufficient solution convergence. A figure for the meshing condition is given in Fig. 2 . In this numerical analysis, the direct tensile strength (DTS) test was simulated applying tensile load from up and down side parallel surfaces of core specimen models.
Results
According to the results obtained from the numerical analyses, maximum tensile stresses were determined to be induced at the side walls of drill holes as seen in Figs. 3 and 4 . At location of the maximum tensile stress, stress distribution conditions can be assessed to be practically uniaxial. For all the models, specimens were failed as the stresses at the side walls reach to be quite close to the uniaxial tensile strength value of 6 MPa. Therefore, it was confirmed by the numerical models that the core specimens with drilled holes can supply the ability of uniaxial tensile strength value determination.
With an increase in drill-hole diameter value, failure load was found to decrease. The lowest value of the failure load was obtained from the models with drill diameter of 16 mm (Table  2) . Drill holes with diameters of 6 mm, 11 mm and 16 mm made decreases of 33%, 40% and 49% in failure loads, respectively. As a result of decrease in the failure load, the possibility of invalid failure at the adhesive part in the DTS test also decreases. Although the drill hole with the diameter of 16 mm was found to be the most advantageous in terms of having low failure loads, stress distribution details for further material models were carried out for the drill-hole diameter of 11 mm, considering the drilling practicality. Stress distribution details for different material models are given in Table 3 . All the material models confirmed the relation between failure load values of undrilled and drilled specimens, which is given in Eq. 1 and Eq. 2. 
where UTS is uniaxial tensile strength (MPa), F 11 is failure load of specimens with the drill hole diameter (d) of 11 mm, F ud is failure load of undrilled (standard) specimen (kN), A is cross-section area of undrilled part of the core specimen (cm 2 ). The tensile stress values at side walls were found vary along drill holes. As seen in Fig. 4 , the maximum tensile stresses were determined to be induced near the outside of the holes. Therefore, it should be noted herein that the triaxial stress distribution given in Table 3 includes major, intermediate and minor stress values at the maximum tensile stress location near the outside of the hole, which is the critical location for the start of cracking.
Experimental study 3.1 Materials and methods
A series of tensile strength tests was applied on limestone, andesite, basalt and siltstone type four different rock materials. To prepare rock core specimens, a core cutter with the inner diameter NX size (54.7 mm) was used. According to ISRM suggestions, all of the rock core specimens were cut to have same length to diameter ratio of 3 by using sawing machines [10] . As given in Fig. 5 , rock core specimens were drilled using 11 mm diameter bit of a stand driller machine. Holes were vertically drilled through the diameter of the circular cross-section at the middle length of core specimens.
The rock samples were selected carefully and the core samples were taken for the experiments. After visual observations, core samples having no fractures, cracks, fill joints etc. were chosen and prepared to use in tensile strength testing.
The undrilled specimens were also tested in the experimental study to investigate whether relation between the results obtained with drilled specimens and standard specimens is parallel with those obtained from the numerical analyses. Using a strong epoxy based adhesive, rock specimens were glued to steel caps which had been manufactured to be held by tension test equipment. As parallel to the ISRM suggestion, the loading rate was chosen to be 0.2 kN/sec for both standard (undrilled) and drilled tensile strength test specimens. Direct tensile strength (DTS) testing and some failed specimens are shown in Fig. 6 . 
Results
As same in the observations from numerical analyses, failure of drilled specimens initiated at the side walls of the holes where are the location for the maximum tensile stress inducing. Drilled specimens were divided into two, through the sidewalls of the drill holes (Fig. 6) . Failure loads obtained from the tensile strength test are given in Table 4 . Strength values of standard (undrilled) specimens of basalt type rock material could not be determined under the conventional test method, because of having failure at the adhesive part instead of rock material. On the other hand, strength values of drilled basalt specimens could be calculated as a result of the valid failure of rock material. The results of this study confirm that higher strength rock materials can be tested with the new method of drilled specimen usage in comparison with the undrilled specimen testing method. As seen from Eq. (1) derived in accordance with the numerical analyses and Table 5 including ratios between failure loads of drilled and standard (undrilled) specimens, experimental results were parallel to those obtained from the numerical analyses. Thus, the use of Eq. 2 for calculating tensile strength values of drilled core specimens was confirmed by the experimental results.
Discussions and conclusions
The adhesive part failure problem is one of the most important problems for limitation of the use of direct tensile strength (DTS) testing method and making indirect methods like the Brazilian (splitting) tensile strength test popular [15] [16] [17] . As a result of the significant decrease in failure loads, the adhesive part failure problem was found possible to be eliminated by an easy specimen preparation step of drilling. It should be noted herein that the hole with the diameter of 11 mm was assessed to be practical to be made in one step drilling. A duration of several seconds was enough from start to end of the drilling process of a specimen. In case of making higher drill hole diameters than 11 mm, more than one drilling steps with increasing bit diameters may be crucial to prevent rock cracking while specimen preparation. On this topic, new studies will be a significant guide of further investigations. Shortly, it can be stated that drill bits with the diameter of 11 mm was assessed to be usable for a practical specimen drilling process to make a significant decrease in the failure load. According to the results obtained from both numerical and experimental studies, use of Eq. 2 is suggested to determine UTS values of rock materials in the case of 11 mm drill diameter, NX size rock core diameter and specimen length to diameter ratio of 3. Since stress distribution in the core specimens varies with the change of geometry and size parameters, the findings of this study should be considered for only the relevant case written above [18] [19] [20] . The hole drilling location is another important point that can make a significant change in the stress distribution. To make a valid failure for the use of Eq. 2, the hole should be drilled at the middle of the specimen length and through the diameter of circular cross-section of the rock core specimens without a deviation.
There is a three dimensional stress distribution at sidewalls of drill holes which are the critical location of the maximum tensile stress induced. Because the minor stresses are quite low and not higher than 4% of the major principal stress at the sidewalls, stress distribution can be practically considered as uniaxial for the location of the maximum tension. The major principal stress at sidewalls is tensile stress in vertical direction which is parallel to the loading direction. Additionally, two horizontal stresses which are parallel and perpendicular to drill-hole direction are intermediate and minor principal stresses at sidewalls, the location of the maximum tension. It is advantageous to have low level minor and intermediate principal stresses that can make the major principal stress values to be quite close to the uniaxial tensile strength value [21] [22] [23] .
The Poisson's ratio is an effective factor making variations in induced horizontal stresses with important percentages [24] [25] [26] [27] . As seen in Table 3 , the horizontal stress was found to increase by 1.9 times with the change in Poisson's ratio from 0.2 to 0.4. In spite of the effect of Poisson's ratio, failure loads and major principal stresses at the maximum tensile stress concentration zone were determined to be similar because of small values of intermediate and minor principal stresses in horizontal direction. Because of the low horizontal stresses at the critical part of the maximum tension in vertical direction, the material properties effect on triaxial stress distribution and major principal stress values at the failure was assessed to be negligible. Therefore, different materials with a same strength value can give practically same failure loads and strength test results calculated in accordance with Eq. 2 which was suggested for determination of uniaxial tensile strengths of the drilled rock specimens.
In conclusion, a new testing method of drilled specimen usage was assessed to be able to contribute much to the rock testing area by eliminating invalid adhesive failure problems in DTS determination. According to the results obtained from this study, new researches on the drilled core specimen testing are suggested to go further for improving the method to be a standard way to determine DTS values of rock materials.
